Diatoms are a diverse group of unicellular algae that contribute significantly to global photosynthetic carbon fixation and export in the modern ocean, and are an important source of microfossils for paleoclimate reconstructions. Because of their importance in the environment, diatoms have been a focus of study on the physiology and ecophysiology of carbon fixation, in particular their CO 2 -concentrating mechanisms (CCMs) and Rubisco characteristics. While carbon fixation in diatoms is not as well understood as in certain model aquatic photoautotrophs, a greater number of species have been examined in diatoms. Recent work has highlighted a large diversity in the function, physiology, and kinetics of both the CCM and Rubisco between different diatom species. This diversity was unexpected since it has generally been assumed that CCMs and Rubiscos were similar within major algal lineages as the result of selective events deep in evolutionary history, and suggests a more recent co-evolution between the CCM and Rubisco within diatoms. This review explores our current understanding of the diatom CCM and highlights the diversity of both the CCM and Rubisco kinetics. We will suggest possible environmental, physiological, and evolutionary drivers for the co-evolution of the CCM and Rubisco in diatoms.
Rubisco and CO 2 -concentrating mechanisms
Nearly all photoautotrophs fix CO 2 using the enzyme Rubisco. Despite its ubiquity, this enzyme has a number of deficiencies including a slow carbon fixation rate, the need for relatively high concentrations of CO 2 , and wasteful fixation of oxygen. While these constraints cannot be completely overcome, there are trade-offs that can be made between certain kinetic parameters, trade-offs which are thought to reflect underlying fundamentals of the chemical reaction (Tcherkez et al., 2006; Tcherkez, 2013) . Most notable among these are a tradeoff between a slower maximal reaction rate of the enzyme and increased ability to discriminate between CO 2 and O 2 , and a trade-off between a slower maximal reaction rate and a decreased half-saturation constant for CO 2 (Tcherkez et al., 2006; Savir et al., 2010; Tcherkez, 2013; Sharwood et al., 2016) .
Many autotrophs have also developed CO 2 -concentrating mechanisms (CCMs) that elevate the concentration of CO 2 around Rubisco, offering further opportunities to enhance carbon fixation (Badger et al., 1998; Giordano et al., 2005; Reinfelder, 2011) . These CCMs arose relatively late in geological time after CO 2 concentrations in the atmosphere and ocean declined from their initially high levels (Raven et al., 2008) . Ignoring evolutionary dynamics initially, we can consider a given autotroph with a Rubisco with particular kinetic parameters and a CCM. Under these conditions, the organism will presumably attempt to optimize resource and energy allocations between Rubisco and the CCM to achieve an optimal photosynthetic rate at the lowest costs for a particular environment. In this case, some of the major tradeoffs are between nitrogen and energy costs, with investment in Rubisco requiring a higher N cost than the CCM due to its large size (550 kDa) and requirement for additional proteins for assembly and activation (Andersson, 2008) . In contrast, Rubisco requires only an initial energetic input in biosynthesis whereas the CCM requires continual and at times high-energy input to maintain high intracellular CO 2 concentrations while CO 2 diffuses out from the cell along a concentration gradient (Hopkinson et al., 2011) . Furthermore, investment in the CCM will reduce photorespiration, whereas increasing Rubisco content will probably increase photorespiration per cell due to more CO 2 -unsaturated active sites and thus would only be beneficial at higher CO 2 :O 2 environments, for example at cold temperatures (Raven, 1991; Raven and Johnston, 1991) . The optimal physiological acclimation strategy would consequently depend on the prevailing environmental conditions, including N availability and energy inputs (e.g. light intensity).
Bringing evolutionary dynamics into consideration, the kinetic characteristics of Rubisco may now change, subject to fundamental chemical constraints (Tcherkez et al., 2006; Tcherkez, 2013) , as can CCM traits including its strength, efficiency, and use of inorganic carbon sources (CO 2 versus HCO 3 -). These traits should in principle evolve towards optimal values that suit the organism's niche, including environmental characteristics and the competitive landscape. However, evolutionary dynamics are more constrained than physiological acclimation, being subject to historical contingencies, evolutionary tempo, and the haphazard nature of fundamental innovations.
With regard to carbon fixation, Rubisco subtypes (Form IA, IB, ID, and II) differ among the major algal groups, which they have generally inherited from endosymbiotic events early in their evolution (Tabita et al., 2008) . Until recently, most data on Rubisco kinetics indicated that kinetic traits differ substantially among these different Rubisco subtypes, but are fairly similar within a subtype, though this was based on very few algal measurements and, in better studied groups, different Rubisco kinetics were observed among structurally very similar Rubiscos of the same subtype (e.g. C 3 and C 4 plants) (Badger et al., 1998; Tortell, 2000; Whitney et al., 2011) . Consequently, it was assumed that deep evolutionary events largely set Rubisco characteristics around which a CCM was later constructed. Given the linkages between the CCM and Rubisco, CCM diversity was primarily assumed to be at high taxonomic levels (e.g. Badger et al., 1998; Reinfelder, 2011) , though molecular data to support this assumption were scarce, coming primarily from model eukaryotes, such as Chlamydomonas reinhardtii, and the cyanobacteria. Only in the cyanobacteria was there substantial information on a large number of species (Badger et al., 2006; Rae et al., 2013; Kerfeld and Melnicki, 2016) , and here the CCMs were found to be variations around a common theme, with a few exceptions in the marine cyanobacteria where the CCM was greatly simplified.
Recently, work on diatom Rubisco and CCM diversity has shown that there can be substantial variation in both Rubisco kinetic characteristics and CCM genetics and physiology within this algal lineage, in some instances even among closely related species (Trimborn et al., 2009; Matsuda and Kroth, 2014; Young et al., 2016; Shen et al., 2017) . Consequently, rather than the CCM evolving to deal with Rubisco traits that are relatively fixed within a lineage, there is the potential for true co-evolution where CCM and Rubisco traits reciprocally influence each other over shorter evolutionary time scales than was previously believed. For example, the plant genus Flaveria contains C 3 , C 4 , and C 3 -C 4 members, and demonstrate adaptation of their Rubisco kinetics in response to an evolving CCM over a few million years or less (Kubien et al., 2008; Kapralov et al., 2011) . While the details for algae remain largely speculative, this suggests that CCM and Rubisco co-evolution may extend to adaptations to the particular niche of diatom species, as opposed to the broad niche that diatoms as a taxa fill. Here, we review the current state of knowledge on diatom Rubisco and CCMs, provide an overview of diatoms' evolutionary history and current diversity, and discuss potential co-evolutionary dynamics between Rubisco and the CCM.
Diatoms: environmental significance and carbon fixation strategies

Diatoms are important primary producers in the modern world
Diatoms are a diverse group of unicellular algae characterized by their intricate, nano-patterned shells (or frustules) made of silicate glass. The group contains >10 000 living species and are ecologically important members of a wide range of aquatic systems including lakes, rivers, and, most prominently, the ocean. In the ocean, diatoms commonly dominate the autotrophic community in highly productive regions of the ocean including coastal waters, upwelling regions, and polar zones. Because of their dominance in highly productive waters, diatoms are estimated to contribute up to 50% of total oceanic primary production, or ~20% of global primary production (Nelson et al., 1995; Uitz et al., 2010; Rousseaux and Gregg, 2014) . Furthermore, diatoms frequently form large chains, of which a small proportion sink out of the sunlit surface waters effectively sequestering CO 2 in the deep ocean and providing food for benthic ecosystems (Takahashi, 1986; Sarthou et al., 2005) . The contribution and preservation of diatom silica frustules within the sediments over geological time scales provides an important record for paleoclimate reconstructions through analysis of both the inorganic frustules (e.g. Egan et al., 2013) and the diatom-bound organic carbon (e.g. Heureux and Rickaby, 2015; Stoll et al., 2017) .
Diatoms thrive through their ability to achieve rapid growth and photosynthetic rates, which are enabled by a number of unique and rapidly acquired adaptations (Bowler et al., 2008) . These adapations include the capacity for rapid uptake and storage of nutrients, production of secondary metabolites for highly effective cell signaling and defense, and a number of novel biosynthetic pathways (Armbrust, 2009 ). In addition, they have extremely effective CCMs that are able to elevate CO 2 concentrations around Rubisco, thus alleviating possible CO 2 limitation and allowing them to continue to dominate highly productive environments even when the photosynthetic draw down of CO 2 results in low seawater CO 2 concentrations.
The diatom Rubisco
Diatoms, like other Chromist algae (e.g. Haptophyta, Cryptophyta, and Dinophyta), obtained their chloroplast, including Rubisco, through secondary endosymbiosis of a Rhodophyta alga ~1.2 Ga (Yoon et al., 2002) . Thus, the diatom Form ID Rubisco is the same form as found in all algae with a 'red' chloroplast (e.g. Rhodophyta and Chromista), with the exception of some dinoflagellates, which contain a Form II Rubisco from a further, tertiary endosymbiotic event (Morden and Sherwood, 2002) . Form ID Rubisco has more sequence similarity to Form IC found in proteobacteria (Tabita, 1999) , rather than the Forms IA/IB found in plants, green algae, and cyanobacteria, and there are some key differences in terms of kinetics and functionality. For example, assembly of Form ID Rubisco does not require chaperone proteins; instead assembly is mediated by the Rubisco small subunit (Joshi et al., 2015) . Likewise, activation of diatom Rubisco is via the bacterial AAA+ protein (CbbX) rather than the Rca protein found in plants (Mueller-Cajar et al., 2011) . However, compared with the well-studied Form IB Rubisco from plants, green algae, and some cyanobacteria, relatively little is known about Form 1D Rubisco despite its importance in oceanic primary production.
The kinetics of Form ID Rubisco also appear to be distinct within the different algal groups (e.g. Rhodophyta, Haptophyta, and diatoms), though there is a scarcity of kinetic data available. To date, in vitro measurements are only available for 5 Rhodophyta (Read and Tabita, 1994; Uemura et al., 1997; Whitney et al., 2001) , 3-4 Haptophyta (Boller et al., 2011; Young, 2011; Heureux et al., 2017) , and 12 diatoms (Young et al., 2016) , and are summarized in Fig. 1 . The estimated evolutionary age of these groups (based of fossils and molecular clocks) varies greatly: Rhodophyta ~1.8-1.3 Ga (Butterfield, 2000; Yoon et al., 2004) , Haptophyta ~700-225 Ma (Bown et al., 2004; Liu et al., 2010) , and diatoms ~250-190 Ma (Rothpletz, 1896; Medlin, 2016) , and there appears to be an evolutionary trend within Form 1D Rubisco between these groups towards lower CO 2 affinity in the more recently evolved groups. While all diatoms assessed to date possess CCMs, it is uncertain whether all Rhodophytes and Haptophytes have CCMs, particularly as some of the CCM measurements from Rhodophyta come from acidophilic species that split early from the rest of the Rhodophytes (Janouškovec et al., 2013) .
Form ID from Rhodophyta display the highest specificities for CO 2 measured in any Rubisco to date, but this trait is not upheld in the diatoms and Haptophyta, which have specificity values that range around those found in plants (Fig. 1A) . In addition, Rubiscos from the more recently evolved diatoms display the highest half-saturation constant for CO 2 (K C ) measured in eukaryotic Form I Rubisco, though these values are still considerably lower than for cyanobacteria (Fig. 1B) . Rubiscos from Haptophyta, which evolved after Rhodophyta and prior to diatoms, also have Rubisco kinetics for CO 2 specificity and K C that fall between those measured in Rhodophytes and diatoms. In contrast, there is only a very slight evolutionary trend for increasing maximum carboxylation rates (k cat c ) ( Fig. 1C) , and the highly variable half-saturation constants for O 2 (K O ) do not seem to follow an evolutionary pattern (Fig. 1D) .
The distinct differences in Form 1D RubsiCO CO 2 affinity (e.g. specificity and K C ) between algal taxonomic groups , and (D) the half-saturation constant for O 2 , K O , in μM O 2 . Measurements are taken from Badger et al. (1998) , Heureux et al. (2017) , Read and Tabita (1994) , Savir et al. (2010) , Uemura et al. (1997) , Whitney et al. (2001) , and Young et al. (2016) . Number of species (n) represented for plants, cyanobacteria, plants, haptophyta, and diatoms, respectively, are: 14, 5, 5, 3, and 11 for S C/O , 14, 5, 5, 3, and 11 for K C , 11, 2, 5, 3, and 11 for k cat c , and 12, 4, 3, 3, and 11 for K O . (This figure is available in colour at JXB online.)
correlates with evidence for positive selection within the genetic sequence of the large subunit of Rubisco (rbcL) at the divergence of these groups (Young et al., 2012) , and suggests that variations in CO 2 affinity may be an adaptive response. The trend towards lowering CO 2 affinity would necessitate a CCM to saturate Rubisco under modern-day CO 2 concentrations, which show a latitudinal range between ~10 μM and 25 μM CO 2 in air-equilibrated surface seawater. However, Form ID Rubiscos either do not display a trade-off between carboxylation speed and CO 2 affinity or the form 1D Rubisco trade-off is not as strong as that found with other forms of Rubisco (Tcherkez et al., 2006; Tcherkez, 2013) , and thus the advantage of lower CO 2 affinity is not clear. We will speculate on other possible trade-offs that may drive this trend later in the text with respect to diatoms.
From Fig. 1 we can observe that the kinetic measurements of Form 1D Rubisco from modern, extant species are distinct between major algal groups (e.g. red algae, diatoms, and haptophytes), suggesting that these traits in Rubisco kinetics are set deep in evolutionary history. However, there is also large variability in kinetics within these groups, hinting at further, recent adaptation. This is particularly noticeable for diatoms (see later) but may also be detected in other algal groups when further kinetic measurements become available.
The 'diatom CCM' and comparison with other algal lineages
While diatom CCMs are genetically diverse (see later), our current state of knowledge indicates that diatom CCMs are sufficiently similar in function and genetic make-up to discuss 'a diatom CCM' when comparing the system in diatoms with those in other lineages. The functional components of the diatom CCM recognized to date are fairly simple: HCO 3 -transporters, carbonic anhydrases (CAs), and pyrenoids (Xu et al., 2008; Nakajima et al., 2013; Hopkinson et al., 2016) . It is the suitable arrangement of these components among various subcellular compartments that make a functional, efficient CCM. For comparison, the key components of the thoroughly studied cyanobacterial CCMs likewise include HCO 3 -transporters, CAs, and carboxysomes (Badger et al., 2006) , though none of the genes coding for these components is homologous to the diatom components (Fig. 2) . The only additional functional component cyanobacteria possess are complexes that actively convert CO 2 to HCO 3 -within the cell, creating a cytoplasmic CO 2 deficit that draws extracellular CO 2 into the cell (Shibata et al., 2001) .
Functionally, the diatom CCM is based on high rates of HCO 3 -transport out of the cytoplasm and into the chloroplast (a chloroplast pump), which sets up two key C i gradients in the cell (Hopkinson, 2014; Matsuda and Kroth, 2014) . First, this depletes the concentration of HCO 3 -in the cytoplasm, which through the action of CA leads to low CO 2 concentrations in the cytoplasm. The reduced cytoplasmic CO 2 concentration drives an influx of CO 2 from the extracellular environment, which constitutes the diatom's CO 2 uptake mechanism. Secondly, the action of the chloroplast pump increases the concentration of HCO 3 -in the chloroplast, which ultimately generates high CO 2 around Rubisco. The details of what happens to HCO 3 -after it enters the chloroplast are still under study and may vary between diatoms. For example, in Phaeodactylum tricornutum, some of the HCO 3 -simply diffuses into the pyrenoid where CAs convert it to CO 2 (Tanaka et al., 2005) , but some is apparently routed to a portion of the thylakoid that penetrates the pyrenoid where the low pH in the lumen and a CA work in conjunction to convert HCO 3 -to CO 2 (Kikutani et al., 2016) . A significant portion of the CO 2 leaks out of the chloroplast, but is recovered and recycled by CAs in the chloroplast envelope or cytoplasm (Hopkinson et al., 2011; Samukawa et al., 2014) .
The CCMs of C. reinhardtii and cyanobacteria, the other microalgae where the CCM has been well studied, have many functional similarities to the diatom CCM but there are some notable differences. Furthermore, the molecular components of the CCM differ dramatically among the major lineages, which has reinforced the idea that CCMs primarily differ between lineages (Price et al., 2008; Jungnick et al., 2014; Matsuda and Kroth, 2014) . As a eukaryote, the CCM of C. reinhardtii functions quite similarly to that of the -transport from the cytoplasm to the chloroplast, building up a high concentration of HCO 3 -in the chloroplast, which is then converted to CO 2 in the pyrenoid. (B) The cyanobacterial CCM builds up a HCO 3 -pool in the cytoplasm through import of HCO 3 -and the active conversion of CO 2 to HCO 3 -. This HCO 3 -then diffuses into the carboxysome (hexagonal structure) where a CA converts it to CO 2 . CO 2 concentrations in the carboxysome must be very high due to the high K C of cyanobacterial Rubisco. HCO 3 -transporters are indicated with blue arrows surrounded by grey ovals; passive diffusion is indicated with dashed black arrows; CA-catalyzed interconversion of CO 2 / HCO 3 -is indicated with dark blue arrows. CO 2 and HCO 3 -concentrations are approximate but derived from Hopkinson (2014) and Hopkinson et al. (2014) . Note that CA catalyzes both CO 2 hydration and HCO 3 -hydration, with the net flux moving the CO 2 /HCO 3 -system toward equilibrium.
diatoms, except that all HCO 3 -transported into the chloroplast is delivered to the pyrenoid-penetrating thylakoid where it is converted to CO 2 in the lumen and diffuses into the pyrenoid (Jungnick et al., 2014; Wang et al., 2015) . As prokaryotes, cyanobacteria have fewer compartments to deal with and consequently a simpler CCM (Price et al., 2008) . Cyanobacteria build up a large HCO 3 -pool in their cytoplasm by importing HCO 3 -and actively converting cytoplasmic CO 2 to HCO 3 - (Fig. 2) . This bicarbonate then diffuses into the carboxysome, a protein microcompartment that contains nearly all the cell's Rubisco and CA. The carboxysomal CA then converts HCO 3 -into CO 2 in the immediate vicinity of Rubisco. Unlike the pyrenoid, the carboxysome is a highly ordered structure encapsulated with an icosahedral protein shell (Rae et al., 2013; Kerfeld and Melnicki, 2016) . This shell acts as a major barrier to CO 2 diffusion, allowing cyanobacteria to attain extremely high CO 2 concentrations within the carboxysome with only modest diffusive CO 2 loss. The high CO 2 concentration around Rubisco allows cyanobacteria to take advantage of the high maximal carbon fixation rate of their Rubisco, minimizing N use.
When did the diatom CCM evolve?
Rubisco is thought to have originated ~3 billion years ago (Tabita, 2007; Tabita et al., 2008) in an anoxygenic and high CO 2 atmosphere. CO 2 concentrations remained high throughout the Proteozoic, estimated at 10-200 times higher than present atmospheric levels (PALs) (Kaufman and Xiao, 2003) , during the advent of oxygenic photosynthesis by a cyanobacterium ~2.5 Ga (Canfield, 2005) , and the formation of major algal lineages, including primary endosymbiosis of a cyanobacterium ~1.5 Ga (the origin of the two membrane chloroplast of green algae, red algae, and plants) and a secondary endosymbiosis of a red alga ~1.2 Ga (the origin of the four membrane chloroplast of the chromist algae, including diatoms, haptophytes, and cryptophytes) (Yoon et al., 2002 (Yoon et al., , 2004 (Fig. 3) . Due to the high CO 2 levels, it is unlikely that a CCM was necessary at this time. Consistent with this, the genetic components of CCMs in cyanobacteria and the major algal lineages are not homologous, though there are many instances of convergent evolution in CCM structure and function between these groups, including the development of CAs and the confinement of Rubisco to protein microcompartments.
Between the secondary endosymbiotic event ~1.2 Ga and the first appearance of diatoms in the Mesozoic fossil record ~190 Ma (Rothpletz, 1896) , the evolution of chromist plastids is poorly understood due to conflicting phylogenies, possible serial endosymbiosis, and/or horizontal gene transfer (Stiller et al., 2014) . Chromist algae started to diverge genetically into modern-day groups ~700-800 Ma (Bowler et al., 2008; Liu et al., 2010) at a time when CO 2 may have fallen below 10 times PALs and could possibly have driven the emergence of a CCM (Riding, 2006; Meyer and Griffiths, 2013 ). Further study of the level of CCM conservation between Chromist groups may hint at a common Chromist CCM origin. Alternatively, the ancestral diatom CCM may have emerged when CO 2 levels dropped below 10 times PALs again, ~400-300 Ma, thought to be the time that the biophysical CCM in green algae arose (Badger and Price, 2003; Meyer and Griffiths, 2013) .
Diatoms evolved during the high CO 2 of the greenhouse Mesozoic Medlin et al., 1996) . Early diatoms were probably benthic inhabitants of shallow inland seas, a result of high eustatic sea levels (Haig and Fig. 3 . Evolutionary time line of diatoms. Major events in photosynthesis evolution that leads to the origin and divergence of diatoms as outlined in the section 'When did the diatom CCM evolve?' and references therein. This is set against a backdrop of atmospheric CO 2 concentrations (represented as times present atmospheric levels (×P.A.L) reconstructed using Kaufman and Xiao (2003) , Hessler et al. (2004), and Berner (2006) . (This figure is available in colour at JXB online.) Barnbaum, 1978; Simonsen, 1979; Round and Crawford, 1981; Mann and Marchant, 1989; Gale, 2003; Harwood et al., 2004; Katz et al., 2004) . These benthic diatoms were centric in morphology, and pennate diatoms, which dominate modern benthic environments, did not arise until ~90-75 Ma (Sims et al., 2006; Bowler et al., 2008) .
It was during the Cenozoic that diatoms rose to dominance and there was an explosion of diversity. Benthic genera expanded to represent modern species during the peak warmth and high CO 2 of the early Eocene (50-45 Ma). It is plausible that this diversification was aided by warm temperatures creating shallow inland seas, increasing benthic habitats for marine photosynthesizers (Sims et al., 2006) . Expansion of planktonic diatom species occurred later during the Oligocene and Miocence (Sims et al., 2006; Rabosky and Sorhannus, 2009; Egan et al., 2013; Lazarus et al., 2014) . It is around this time that C 4 photosynthesis first evolved on land, thought to be driven in part by CO 2 levels falling below a C 3 -C 4 crossover threshold (Pagani et al., 2005; Osborne and Sack, 2012; Sage et al., 2012) . This expansion increased silicate weathering and increased dissolved silica concentrations in the ocean, favoring diatoms (Blecker et al., 2006) . In the oceans, the re-establishment of latitudinal temperature gradients due to the inception of the Antarctic ice sheet ~33 Ma increased thermohaline circulation and wind stress, creating a more turbulent environment in which pulses of nutrients favored diatom growth due to their ability for rapid uptake and storage Tozzi et al., 2004) . However, the timing between these geological events and diatom diversification has recently come under question with samplingstandardized fossil data (Rabosky and Sorhannus, 2009 ).
While quantitative Cenozoic CO 2 concentrations are still contentious, it appears that benthic, pennate diatoms diversified during a period of high CO 2 and warm temperatures, whereas planktonic, centric diatoms diversified during a period of colder temperatures and low CO 2 . We have speculated about the likely environmental factors that enabled these diversifications (i.e. an increase in benthic habitats and increased nutrient pulses to the surface ocean). However, it is interesting to note that the differences in CO 2 environments at the time of diversification may have provided some basis for the species-level variation in CCMs and Rubisco in modern diatoms that we will discuss in the next section.
Diversity of species, Rubisco, and CCMs in diatoms
Diatoms are diverse and varied-with adaptations that ensure their success Diatoms are found in a variety of habitats from the poles to the tropics, in marine, freshwater, and sediment habitats, and as symbionts. Unlike many groups of marine algae where a single genus (Prochlorococcus) or even species (Emiliania huxleyi) are by far the most common representatives of the taxa, diatoms are diverse, and representatives from the two major taxonomic divisions (centrics and pennates) are frequently observed. The names centrics and pennates, refer to their general shape, with centrics having roughly radial symmetry and pennates being elongated. This division also corresponds to differences in mode of sexual reproduction, plastid number and structure, motility, and other characteristics (Round et al., 1990) . Pennates are commonly found in benthic habitats, especially the raphid pennates, whose defining feature, the raphe, facilitates movement across the bottom through secretion of mucus (Wang et al., 2013) . However, they are also important members of the plankton where they are capable of rapid growth and competitive dominance after nutrient input events. In the ocean, pennate diatoms commonly form large blooms in upwelling regions or after natural or artificial additions of iron to iron-limited waters. Pennates are also the dominant microalgae found within sea ice (Poulin et al., 2011) . Though generally less conspicuous, centric diatoms are also found in diverse habitats and niches. In the ocean, they form a widespread component of the planktonic community, and stand out in upwelling environments and as the host for symbiotic nitrogen-fixing cyanobacteria.
Diversity of Rubisco in diatoms
With the wide array of environments that diatoms inhabit, it stands to reason that there is a large amount of variability in Rubisco kinetics between diatom species. The highest amount of variability occurs in the half-saturation constants for CO 2 and O 2 (K C and K O , respectively) and the resulting specificity factor for CO 2 (S C/O ) (Young et al., 2016) . Considering the short evolutionary timeline for the Cenozoic expansion of modern diatom species (within the last 50-30 Ma), it suggests that traits in Rubisco kinetics can evolve quite rapidly. In addition, variability in K C , K O , and S C/O in diatom Rubiscos is considerably greater than found between plants with and without a CCM (i.e. C 4 and C 3 plants, respectively). However, unlike plants, there is no trade-off between CO 2 affinity and carboxylation speed (k cat c ) as k cat c shows little variation between diatom Rubiscos. It is currently unclear as to why some kinetic parameters seem quite plastic (K C and K O ) whereas others are more fixed (e.g. k cat c ). Most of the diversity appears to be species specific, though there are some taxonomic trends. For example, in Fig. 4 , we can see that within the bipolar centrics, diatoms of the order Thalassiosirales have consistently higher K C s than those within the order Chaetocerales (Young et al., 2016) .
While diatom Rubiscos lack a biochemical trade-off between carboxylation speed and CO 2 affinity, there may instead be a positive correlation between the K O and K C in diatom Rubisco (Young et al., 2016) . With the 12 species measured to date, the correlation seems high, with one notable exception; the centric diatom, Thalassiosira weissflogii, has a very high K O without a similar increase in K C . In fact, when we take a closer look at two closely related centric diatoms, T. weissflogii and T. oceanica (coastal and open ocean, respectively), we find similar CO 2 specificities (79 and 80, respectively) and similar K C (~65 μM). However, there are key differences in their oxygenase kinetics, with the Rubisco of T. weissflogii having a 2-fold higher half-saturation constant for O 2 (K O ) and a 3-fold higher maximum oxygenase reaction rate (k cat o ) (Fig. 4) . There is little known about the oxygenase reaction in Form ID Rubiscos. and it has been speculated that oxygen sensitivity may be a driving factor for adaptation in Haptophyta Rubisco (see Heureux et al., 2017) . It has been proposed that the earliest step in C 4 evolution of repositioning mitochondria in the bundle sheath was to scavenge photorespired CO 2 (Sage et al., 2012) . Within diatoms, there is close coupling between mitochondria and chloroplasts (Prihoda et al., 2012; Bailleul et al., 2015) , which may alleviate some of the stress of photorespiration. However, considering the potential cost of photorespiration on net carbon fixation, further study is needed.
The variations in Rubisco kinetics have significant implications on the intracellular conditions required to optimize Rubisco function. While it is currently impossible to measure the concentrations of CO 2 and O 2 experimentally within the diatom pyrenoid, Michaelis-Menten kinetics of carbon fixation by intact diatom cells suggest that their Rubisco is close to being fully saturated (Hopkinson et al., 2011; Losh et al., 2013) . The concentration of pyrenoid CO 2 needed to saturate Rubisco would depend on Rubisco kinetics, implying differing CCM requirements between species. However, at close to full saturation, large changes in CO 2 concentrations are required for small changes in saturation state. Accurate measurements of the Rubisco saturation state in conjunction with Rubisco kinetics are needed to calculate pyrenoid concentrations of CO 2 (and its ratio to O 2 ). Furthermore, accurate measurements of Rubisco content, activation state, and turnover rates are all needed to determine ultimately how and if CCM function varies between diatom species.
Diversity of the CCM in diatoms
The diatom CCM has only been studied to any significant extent in the model diatoms P. tricornutum, Thalassiosira pseudonana, and T. weissflogii. All three diatoms have a broadly similar complement of HCO 3 -transporters and CAs, and the gross performance of the CCM is similar in these species (Hopkinson et al., 2016; Shen et al., 2017) . However, in P. tricornutum and T. pseudonana where some of the genetic components have been localized, it is clear that they are deployed in dramatically different ways throughout the cell (Fig. 5) . Most notable are differences in CA localization that have functional implications (Samukawa et al., 2014) . Thalassiosira pseudonana has several CAs localized in the periplasmic space just outside the cell that are used to convert HCO 3 -to CO 2 for uptake into the cell, but P. tricornutum lacks any external CA. Phaeodactylum tricornutum also does not have any CA in the chloroplast stroma, which allows a large HCO 3 -pool to be built up. However, a stromal CA is present in T. pseudonana, complicating HCO 3 -accumulation in the chloroplast. Most unusually, T. weissflogii appears to use a C 4 compound as an intermediate in its CCM (Reinfelder et al., 2000; Roberts et al., 2007) , and though it was initially thought this might be common in diatoms more recent evidence indicates that use of C 4 intermediates is rare.
Taking a broader view beyond these model diatoms, Shen et al. (2017) recently used a newly available set of diatom Young et al. (2016) . (This figure is available in colour at JXB online.) Fig. 5 . Diagram of CCMs of the diatoms P. tricornutum and T. pseudonana. As discussed in detail in the text, there are significant differences in the CCMs of these diatoms. The differences are most clearly illustrated here by the different types of carbonic anhydrases (CAs) and the differential localization of these CAs, which results in distinct carbon flows in the two CCMs. HCO 3 -transporters are indicated with blue arrows surrounded by grey ovals; passive diffusion is indicated with dashed black arrows; CA-catalyzed interconversion of CO 2 /HCO 3 -is indicated with dark blue arrows. Each different subtype of CA is indicated with a different colored circle and the Greek letter designating the subtype of CA. For further details, see Samukawa et al. (2014) , Hopkinson et al. (2016) , and Kikutani et al. (2016) .
transcriptomes along with several diatom genomes to investigate the distribution of key CCM genes (HCO 3 -transporters and CAs) in a phylogenetically diverse group of marine diatoms. They found evidence for extensive variability in CCM genetics among diatoms, even among some closely related species. This variability was most prominent in CAs, which have undergone considerable diversification in many lineages, whereas HCO 3 -transporters were more similar among the diatoms examined. Some distinct differences in CCM gene content were evident between the major morphological groups of diatoms, but the functional significance of this is not clear. Despite this variability, a comparison of CCM development with diatom species evolution shows that CCM diversification has occurred largely in line with the divergence of species. Consequently, closely related species typically have similar CCMs, and horizontal gene transfer appears to have a limited role in CCM development within the diatoms. A limitation of this analysis is that it focused on only HCO 3 -transporters and CAs; as additional CCM components are identified and characterized in diatom CCMs, a clearer picture of CCM diversity will develop.
Potential for co-evolution of Rubisco and CCMs in diatoms
Environmental factors affecting Rubisco and CCM co-evolution
Although at times evolution is capable of developing radical innovations that change the rules, more often evolution works with available or commonly occurring variation to optimize fundamental trade-offs. Given the observed diversity of CCMs and Rubisco in diatoms, it is possible that these two components of carbon fixation undergo true co-evolution at the species level. Some possible co-evolution strategies of Rubisco and CCMs were mentioned in the Introduction, in particular a suggested trade-off between the extent of cellular investment in Rubisco biosynthesis versus operation of the CCM. Because of the numerous possible co-evolutionary traits that could be considered for Rubisco and the CCM, we will not attempt to enumerate them. Rather, we will consider the several marine habitats where diatoms thrive and from which diatoms have been at least moderately well studied, and examine some of the key trade-offs that are likely to be relevant in these habitats.
First, diatoms often dominate in highly productive coastal upwelling zones on the eastern boundaries of ocean basins (e.g. off California and Oregon, off Peru and Chile, etc.) (Cushing, 1989; Kooistra et al., 2007) . Here, cool (~10 °C), high-CO 2 waters are periodically brought to the surface, initiating diatom blooms. Diatoms are initially exposed to highnutrient, high-CO 2 conditions, but as the algal bloom develops nutrients and CO 2 are drawn down and become scarce and O 2 levels increase, resulting in high O 2 :CO 2 ratios. Early conditions would favor increased investment in Rubisco abundance and down-regulation of the CCM as nitrogen and CO 2 are plentiful. However, the ability to grow throughout the bloom would require a CCM to which resource investment could be shifted as the bloom progressed. Consequently, diatoms adapted to upwelling habitats would need to have available a reasonably strong CCM that can be induced, but a Rubisco that performs reasonably well either with or without CCM activity (i.e. high carboxylation rates and an intermediate K C ).
Diatoms are also important primary producers in polar regions, especially in the Southern Ocean where temperatures are cold (-2 °C to 4 °C), nutrients are plentiful, and light is often limiting. Temperature has a large effect on the function of the diatom CCM and Rubisco. Cold temperatures increase CO 2 solubility but slow diffusion, and slow Rubisco carboxylation but increase its specificity for CO 2 (Haslam et al., 2005; Young et al., 2015a) . It has been shown that the energy required by the CCM to saturate Rubisco is reduced at cold temperatures (Kranz et al., 2015) , though a CCM is still expressed and tightly regulated in response to CO 2 (Young et al., 2015b) and can be needed when CO 2 is drawn down to low levels during a bloom (Tortell et al., 2014) . However, high concentrations of Rubisco are needed to compensate for slow catalytic rates (from ~2.5% total protein in mesophilic diatoms to ~15% in psychrophilic diatoms, (Young et al., 2015a) . Thus, it seems that diatoms allocate resources at cold temperatures towards elevating Rubisco abundance rather than the CCM, as it is relatively easy to achieve CO 2 saturation. In addition, photorespiration will be slow at low temperatures, so investing in Rubisco is worthwhile. There seems to be little evidence of structural cold adaptation of Rubisco in psychrophilic organisms (Devos et al., 1998) . It is likely that evolutionary pressure would select for a less temperature-sensitive Rubisco, but there are currently few data on temperature sensitivity of diatom Rubisco kinetics.
One last consideration that we will mention here is estuarine environments. In these systems, fluctuations between freshwater and saltwater can drastically change inorganic carbon availability, pH, and nutrients. Large amounts of freshwater inputs could lower inorganic carbon, which could hamper CCM function as there is no abundant pool of HCO 3 -to access. In addition, low salinity could inhibit Na + / HCO 3 -SLC4 transporters (Dixon and Merrett, 1988) . One could hypothesize that CCMs are less efficient in diatoms from estuarine/fresh environments and instead these species rely more heavily on optimizing a high CO 2 affinity for their Rubisco. While all diatoms studied to date have CCMs, there are freshwater red algae without CCMs that are predominantly found in fast flowing water, which decreases diffusive boundary layers, and freshwaters with high concentrations of CO 2 (see Giordano et al., 2005 , and references therein).
While we have outlined some hypotheses on different carbon fixation strategies that diatoms may exploit in their diverse environments, which probably exert different evolutionary pressures on their CCM and Rubisco, currently there is a paucity of experimental evidence to support, or reject, these hypotheses. There is a need for further study into species-specific, diatom carbon fixation that takes into account the interaction between Rubisco and the CCM, and the environment in which the diatom inhabits.
Links between Rubisco kinetics and CCM components
One potential link between Rubisco kinetics and the CCM was suggested based on the observation that low Rubisco content in diatom cells seems to be inversely correlated with the K C of Rubisco (Young et al., 2016) . It has been hypothesized that this correlation is driven by the strategies to maintain cellular carboxylation rates through a balance of saturating Rubisco with a CCM or elevating Rubisco concentrations that remain undersaturated. However, it is currently uncertain how the variation in Rubisco kinetics aligns with CCM function in diatoms. The species with high K C and low Rubisco content are all in the order Thalassiosirales and have similar CCM genetic content (Young et al., 2016; Shen et al., 2017) , but a direct functional link cannot currently be made. In C 3 and C 4 plants, there is a clear correlation between Rubisco kinetics and the presence of C 4 (Christin et al., 2008) . The ability to concentrate CO 2 around Rubisco allowed relaxation of Rubisco kinetics, with the enzyme adapting to faster carboxylation rates at the expense of CO 2 specificity, ultimately enabling a reduction of Rubisco content per cell, resulting in a lower nitrogen requirement for photosynthetic carbon assimilation.
We further explored potential examples of co-evolution by comparing data sets on diatom Rubisco kinetics (Young et al., 2016) , diatom CCM diversity (Shen et al., 2017) , and positive selection within the genetic code of the diatom Rubisco large subunit gene (rbcL) (Young et al., 2012) . Unfortunately, these data sets have only limited overlap, but at least one interesting relationship was observed where groups that showed evidence for positive selection in rbcL had higher Rubisco K C values and also contained δ-CAs (Table 1) . A signal of positive selection within rbcL was found three times in the diatom lineage, once each along a branch leading to orders within the bipolar centrics, the pennates, and the radial centrics. These signals of positive selection appeared to align with the high K C values found in the bipolar centrics and pennates (no K C measurements are yet available within the radial centrics). Likewise, diatoms within the same orders with rbcL positive selection and higher Rubisco K C s all have δ-CAs, whereas those with no rbcL positive selection and lower Rubisco K C s generally lacked a δ-CA (the exception is Chaetoceros neogracile that does have a δ-CA but there are no corresponding Rubisco data for this species). This correlation between δ-CA and positive selection in rbcL in diatoms was first identified by Young et al. (2009) .
From this preliminary comparison, it appears that adaptation of Rubisco towards a lower CO 2 affinity may be connected to the presence of a δ-CA. In T. pseudonana, where δ-CAs have been localized, they play diverse roles in CO 2 acquisition and CO 2 recovery in the periplasmic space surrounding the chloroplast and in the mitochondrion (Samukawa et al., 2014; Hopkinson et al., 2016) . δ-CAs may thus enhance the efficiency of the CCM, potentially making it energetically less expensive to elevate CO 2 concentrations to high levels around Rubisco and relaxing constraints on K C . While this hypothesis is tenuous at the moment, more experimental data including the localization of these CCMs components in other diatoms will help define the intrinsic co-evolution of Rubisco and the CCM in diatoms.
Conclusion
Diatom Rubisco and CCM characteristics are diverse and may be co-evolving, though definitive evidence for this will require further study. In the case of the diatom CCM, the level of genetic diversity is not so different from that found in cyanobacteria, where the set of CCM genes can range dramatically between coastal cyanobacteria, which have numerous transporters and regulators, and open ocean picocyanobacteria, which have extremely simplified CCMs (Badger et al., 2006) . However, the functional architecture of the cyanobacterial CCM is essentially the same throughout the group. In contrast, diatoms appear to have quite a range of CCM structures in addition to a high level of genetic diversity (Samukawa et al., 2014; Hopkinson et al., 2016) . Likewise, while diatom Rubisco appears to be kinetically distinct from other groups, the kinetic diversity within diatoms (particularly K C ) is greater than has been found within other photosynthetic groups. These findings suggest that adaptation is probably acting on Rubisco and CCM traits on shorter time scales than previously assumed. This is not to ignore the influence that deeper evolutionary history, such as endosymbiotic events and historically high CO 2 levels, has on current algal traits. At the most basic level, the fact that autotrophs even use Rubisco is probably due to its spread through the lineages early in earth's history when high CO 2 levels masked its deficiencies. As a more specific example, in diatom Rubiscos, the maximal carboxylation rate, k cat c , was relatively invariant and there was no trade-off between K C and k cat c that had been found across lineages (Young et al., 2016) , perhaps suggesting that mutations that alter k cat c are less accessible on shorter evolutionary time scales. Both deep and relatively recent evolutionary forcing are probably affecting CCM and Rubisco traits, and further investigation of the diatoms, which have a good paleontological record, tractable genetics, and inhabit diverse environments, will shed light on these interactions.
